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absorption soft X-ray spectra of the 16 Fe charge states for innershell (n = 2) photoexcitation was reported by Behar, Sako & Kahn (2001) , where a relativistic approach was used to calculate the wavelengths and oscillator strengths for the radiative transitions from the inner 2p and 2s shells, along with autoionization transitions.
In the present work we employ the configuration-interaction (CI) code CIV3 (Hibbert 1975) to determine the wavefunctions of the ions considered. The method of superposition of configurations applied here is capable of producing very accurate data for this type of calculation, which requires high levels of correlation. Relativistic effects are introduced by adding Breit-Pauli operators into the Hamiltonian (Hibbert, Glass & Froese Fischer 1991) . Combining these two methods, we can reliably determine LSJ-energy levels, absorption oscillator strengths and emission transition probabilities for the electric dipole (E1) 2p-3l transitions between fine-structure levels.
M E T H O D O F C A L C U L AT I O N
In a CI calculation, the atomic-state wavefunction is represented in the form of a linear superposition of configuration-state functions (CSFs). In the non-relativistic (LS) approximation, this can be expressed as
where i represents a set of CSFs that possess the same total LSπ symmetry. In the case of the Breit-Pauli approximation, this changes to
Inner-shell photoexcitation of Fe XV and Fe XVI 697 where the CSFs represent several different LS terms, each of which has the same J value and parity π . In each case the set of CSFs { i } is constructed as normalized antisymmetric products of the one-electron function, the angular momenta of which are coupled in a manner denoted by {α i }, such that the resultant is an eigenfunction of the total angular momentum operators {L 2 , S 2 } for the LS-coupling or {J 2 } for the intermediate LSJ-coupling. The coefficients {α i } correspond to an eigenvector of the Hamiltonian matrix with particular symmetry (LSπ or Jπ) .
In order to determine wavefunctions using the LS-coupling scheme of the CI expansion, we use the Hamiltonian constructed solely from the Schrödinger non-relativistic operator, while in the relativistic case we use this operator plus the spin-orbit operator, the spin-other-orbit operator, the spin-spin operator, the masscorrection operator and the Darwin term. The orbit-orbit interaction, although more significant for inner-shell excitation than for outer-shell transitions, remains small compared with the degree of accuracy which can be achieved for E1-transition wavelengths.
The configuration state functions used in equations (1) and (2) are constructed from a set of one-electron orbitals for which the radial part is presented by a linear combination of normalized Slater-type orbitals χ jnl :
where χ jnl (r ) = (2ζ jnl )
[(2I jnl )!] 1/2 r I jnl exp(−ζ jnl r ).
In our approach radial one-electron orbitals must satisfy the orthonormality conditions ∞ 0 P nl (r )P n l (r ) dr = δ nn .
The parameters c jnl and ζ jnl in equations (3) and (4) are determined by the CIV3 code using an optimization procedure for the eigenvalues of the non-relativistic Hamiltonian.
Radial functions
We need to obtain wavefunctions of Fe XVI and Fe XV that are as accurate as possible for all states under investigation. Initially, we choose the 1s, 2s, 2p and 3s radial orbitals as the Hartree-Fock functions. Consequently, we can use their parameters given by Clementi & Roetti (1974) . With these core orbitals, the radial orbital parameters for 3p and 3d functions were obtained using the CIV3 code. In Fe XVI we study electric dipole transitions from the ground 1s 2 2s 2 2p 6 3s configuration to the configurations 1s 2 2s 2 2p 5 3l3l , where l and l can be any of the s, p or d orbitals. Consequently, we optimize the 3p orbital functions on the lowest 2 P term of the 2p 5 3s3p configuration. Similarly, we optimize 3d orbital functions on the lowest 2 P term of the 2p 5 3s3d configuration. In both procedures, we use a single-configuration approach, which gives only two CSF, producing 2 P terms. In addition to valence orbitals 3l, we use 'correlation' orbitals denoted by4l in order to improve the accuracy of wavefunctions. The optimization of their parameters was performed in the following way. The4s orbital was optimized on the lowest 2 P term of the 2p 5 3s3d configuration using the configurations 2p 5 3s3d, 2p 5 3d 2 and 2p 5 3s4s. The4p orbital was optimized on the lowest 2 P term of the 2p 5 3p 2 configuration using the configurations 2p 5 3p 2 , 2p 5 3s3d, 2p 5 3p4p and 2p 54 p 2 . The4d orbital was optimized on the lowest 2 P term of the 2p 5 3s3d configuration using the configurations 2p 5 3s3d, 
R E S U LT S

Energy levels
In Table 2 we present the energy levels for the Fe XVI ion calculated using the Breit-Pauli approximation. The energy levels are given in cm −1 relative to the ground state 1s 2 2s 2 2p 6 3s 2 S 1/2 along with the leading percentage compositions a i from equation (2) for the 18 excited-state fine-structure levels with J = 1/2 and 27 levels with J = 3/2. We present only contributions with a 2 i 0.1 for this ion. The leading percentage compositions in Table 2 indicate the strong level of mixing between different LS states of the excited upper state, which has a vacancy in the 2p shell. In general, the mixing could be so strong that it would not be possible to make a definite identification of levels represented by that wavefunction. For this reason we do not try to assign fine-structure levels to any LSJ quantum numbers. Instead we use a level index to indicate the parity (o for odd or e for even) and J to represent the level and E J the level energy. The leading contributions of wavefunctions depend on the model used, and hence they can differ depending on the calculations or radial orbitals used.
In Table 3 we present the fine-structure energy levels for the Fe XV ion. ion case, we cannot assign fine-structure levels in any other way than using a level index with parity and J and an energy value.
Electric dipole transition probabilities and oscillator strengths
After determining the CI wavefunctions i for the ground-state fine-structure levels and the wavefunctions j for the excited-state fine-structure levels, one can determine the electric dipole transition probabilities (A-values) and oscillator strengths (f -values). Oscillator strengths can be calculated using both the length (L) and velocity (V) forms of the E1-transition operator.
The E1 absorption length-form oscillator strength f L is given by
and the velocity-form oscillator strength f V by
where g i = 2J i + 1 is the statistical weight of the initial (ground) level and E i j is the transition energy in atomic units. The sum in the transition operator runs over all N electrons. The difference between the results obtained from the length and velocity forms can serve as an indicator of the accuracy of the calculation. Usually, the velocity-form results are more sensitive to the accuracy of the wavefunctions compared with the length-form data. Hence, although we have performed atomic data calculations for both forms of the transition operator, only the length-form results are presented in our final tables. We use the velocity-form f -values for establishing the accuracy of our results, as discussed in the next section.
The length-form electric dipole line emission transition probabil- where g j = 2J j + 1 is the statistical weight of the excited-state level.
We present the electric-dipole transition array 2p-3l wavelengths λ i j and the absorption oscillator strengths f i j from the groundstate 2p 6 3s 2 S 1/2 level to the individual levels of the upper state of Fe XVI in Table 4 . In addition, we provide the associated emission transition probabilities A ji from the excited 2p 5 3l3l configuration fine-structure levels J = 1/2 and 3/2 to the ground state in the same table. The electric dipole transition probabilities presented here were calculated in the length form. Results sorted for the transition arrays between different total J values and listed in ascending wavelength.
The 2p-3l transition atomic data for Fe XV are presented in Table 5 . In this case the selection rules allow only the transitions from the ground level 2p 6 3s 2 1 S 0 to the fine-structure levels with J = 1 of the upper state having a vacancy in the 2p shell. The absorption oscillator strengths f i j and emission transition probabilities A ji were calculated in both the length and velocity form, although we choose to present only the data obtained in the length form. Data are once again presented in ascending wavelength.
D I S C U S S I O N
To the best of our knowledge, there are no publicly available detailed atomic data (either theoretical or experimental) for electric dipole transitions involving the inner-shell 2p electrons in Fe XV and Fe XVI. The situation is similar for the lower ionization stages of iron ions.
In this context, the work of Behar et al. (2001) should be mentioned, where the calculation of atomic data and their use for the modelling of Fe 0+ -Fe 15+ absorption spectra was reported. As a result of the need to obtain large quantities of atomic data, and for the sake of simplifying the computations, the approximation used in their work was very limited in choosing the CI wavefunc- Behar et al. (2001) , because detailed results on electric dipole transitions (line wavelengths, oscillator strengths) were not presented in their paper. Instead, we examine internal indicators of the accuracy of our calculated atomic data, as discussed by Hibbert (1996) .
One of the possible ways to evaluate the accuracy of the calculated E1-transition atomic data is to compare f -values estimated using the length form (equation 6) against those obtained using the velocity form (equation 7). Good agreement would provide support for the accuracy of the wavefunctions used in the calculation, and indicate that they should lead to reliable atomic data. A traditional way to do this is to plot log ( f V ) against log ( f L ).
In Fig. 1 the velocity-form oscillator strengths log ( f V ) are plotted against the length-form oscillator strengths log ( f L ) for all lines from the 2p-3l transition array in Fe XVI. We present a comparison for the three different wavefunction expansions. The first set of data (set 1) was calculated using a truncated CI wavefunction expansion consisting only of the configurations with n = 3 electrons from the configuration set described in Section 2.2. The next set of data (set 2) was calculated by adding configurations having one n = 4 electron, whereas the last set (set 3) was calculated with the wavefunction expansion including all configurations listed in Section 2.2.
One can see from Fig. 1 that there is good agreement between the length-and velocity-form transition data in general, and that the best agreement is achieved including all described configurations in the wavefunction expansion. In this case agreement is within 10 per cent, with the exception of a few transitions that have oscillator strengths f i f < 5 × 10 −5 . These lines represent transitions to the levels of the 2p 5 3d 2 configurations, which would be forbidden in non-relativistic LS-coupling. Another trend evident from Fig. 1 is that inclusion of the configurations with the4l correlation orbitals significantly changes some f -values (compare set 1 and set 2). A more detailed analysis of data reveals that electric dipole transition oscillator strengths change by up to 30 per cent, even for stronger ( f L > 10 −2 ) lines. Consequently, it allows us to conclude that use of a limited CI wavefunction expansion with only n = 3 shell configurations included (as in set 1) is not sufficient to achieve a reasonable accuracy for f values. While comparing the set 2 and set 3 figures, one can see that agreement between f L and f V is much better in the case of wavefunction expansion having configurations with one and two electrons in the n = 4 shell. Nevertheless, while considering the differences between f L values from these two sets, we note that they change by only a few per cent for the stronger lines (having f L > 10 −3 ) and by no more than 10 per cent for the lines with 10 −6 < f L < 10 −3 . Therefore, we conclude that using the full set of configurations described in Section 2.2 allows us to achieve convergence for 2p-3l transition oscillator strengths, and to determine reliable atomic data. The addition of more excited configurations into the wavefunction expansion, such as n = 5 shell configurations or configurations with two electrons excited from the 2p shell, should not change the derived values of oscillator strengths significantly.
In Fig. 2 the velocity-form oscillator strengths log ( f V ) are plotted against the length-form oscillator strengths log ( f L ) for all lines from the 2p-3l transition array in Fe XV. Here we have two different arrays: transitions to the excited-state J = 1/2 levels (circles) and those to the J = 3/2 levels (triangles). Similarly to the previous figure, a comparison is made for the three different sets of CSFs for Fe XV, arranged using the same rules as for Fe XVI.
The pattern of f -value changes here is similar to the earlier case; the introduction of configurations with n = 4 electrons significantly changes the oscillator strength data from set 1 to set 2. The agreement between f L and f V is better when a full set of configurations with one and two electrons in the n = 4 shell is included, as described in Section 2.2. Very good agreement between f L and f V can be achieved for all lines with f L > 5 × 10 −5 , and for most of the weaker lines. There are some exceptions to this rule where Table 3 , the leading contributions to these levels come from the 3 L or 5 L terms of the 3p 2 3d, 3s3d 2 and 3d 3 configurations, and therefore the E1 transitions to these terms are forbidden in pure LS coupling.
One of the possible ways to improve the accuracy of the calculated oscillator strengths would be a further increase of the CSF numbers in a wavefunction expansion. Although we can make only a very general quantitative estimate, we do not think that this extension will change the calculated f -values by more than 10 per cent. Therefore, we conclude that the atomic data presented here are of high accuracy, and may be employed for the modelling of plasma X-ray spectra.
As in the case of oscillator strengths, we can perform convergence tests for the E1-transition wavelengths. In Table 6 , we present transition wavelengths λ for the strongest lines ( f L 10 −3 ) in Fe XVI and Fe XV obtained using all configurations described earlier (set 3) in the CSF expansion for wavefunction. Alongside, we present the percentage deviations δλ i (%) = 100 × (λ i − λ)λ −1 for the wavelengths, obtained using truncated wavefunction expansions of set 1 for the δλ 1 and set 2 for δλ 2 . It is quite evident from Table 6 that expansion of CSF basis leads to the convergence of the calculated transition wavelengths. In the case of Fe XVI, the average absolute value of δλ 1 = 0.070%, whereas δλ 2 = 0.015% for the J = 1/2 − 1/2 transitions and δλ 1 = 0.063%, δλ 2 = 0.012% for the J = 1/2 − 3/2 transitions. In case of Fe XV, the corresponding values are δλ 1 = 0.099%, δλ 2 = 0.022%. The maximum value of difference between set 2 and set 3 results is 0.1% for both Fe XVI and Fe XV ions. It is not possible to determine an absolute value of the transition wavelength λ accuracy obtained in our ab initio calculation. We can only estimate that calculated energy differences E are accurate to about 0.05−0.06 au. For the 2p − 3l transitions considered here, it would give an estimated wavelength accuracy of 0.2%, twice the actual deviation between sets 2 and 3.
C O N C L U S I O N S
We have presented extensive calculations of energy levels, transition wavelengths, absorption oscillator strengths and emission transition probabilities for Fe XVI and Fe XV. Atomic data for the electric dipole transitions representing the inner-shell transition array 2p-3l were determined using the configuration-interaction method implemented in the CIV3 code. As a result of the lack of available previous atomic data, it was not possible to make a comparison of our calculations with experimental values or with the results of other calculations. However, our results indicate satisfactory agreement between length and velocity oscillator strength forms. Therefore, we conclude that the data are generally of high accuracy, and suitable for applications in plasma X-ray spectral modelling.
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